With a preset echo sounding velocity, each bathymetric measuremen t can be corrected off-line numerically. This article presen ts an iteration al gorithm of acoustic calibration for a represen tative acoustic profile versus depth of water column obtained in the survey area. In addition, differen t kinds of acoustic profile, represen ted by polynomial regression equations, were addressed offshore north Taiwan. Results gave a large variety of pat terns in acoustic profile within a small limit of territories in the shelf region, indicating that bathymetric measurements collected off northern Taiwan should be calibrated with much care. However, using an expected mean velocity at 1525 mis, sounding accuracy with deviation less than 0.2 % was obtained on the shelf in the su mmer.
INTRODUCTION
Echo sounders measure water depth by generating a pulse of sound, and receiving its echo from the bottom. The time that it takes the sound to travel between the water surface and bottom allows us to calculate the range to the bottom or the thickness of the water column, by knowing this time and the speed of the sound in water (called echo time and acoustic velocity, hereinafter).
Acoustic velocity depends on the water temperature, pressure and salinity, and these must be known at a sufficient number of points in the water column before an echo sounding can be derived. However, whilst bathymetry is obtained as under-way geophysical data, it has been very seldom that the temperature and salinity could be measured at time of echo sounding. Under this circumstance, either an estimated mean velocity was presumed (conventionally at 1,500 m/sec) to compute so-called the observed water depths, or the observed depths would be calibrated by a certain defining empirical formula; like the Matthews Tables (Matthews 1939 ), 664 TAO, Vol. 12, No. 4, December 2001 or the GEBCO Third Edition Echo-Sounding Tables (Carter and Sherwood 1980) .
In recent years, besides the multi-beam echo sounding data, the demand for very precise single-beam sounding measurement has been desired (IHO 1996) . Especially for surveys con ducted in shallow water areas (less than 100 m), for a sounding accuracy of less than 0.5% relative to its measured depth was called (IHO 1987) . Instead, the Matthews and Third Edition Tables are applicable only for use in areas with water depths greater than 200 m (Carter and Sherwood 1980) , because that there are apparent variations of acoustic velocities resulting from local and seasonal changes in the temperature and salinity. This variation is so large that tabular acoustic velocities can be incorrect to as much as 2.5%-3% in the upper water column (Matthews 1939; Shyu 1982) .
In areas with greater water depths, if acoustic velocities versus depths in a water column are known, an adjusted depth can be obtained by adding a required correction to its measured depth given initially by a 1500 m/sec mean velocity. Every required correction value is then estimated by a polynomial curve fitted through the least-squares method (Lu et al. 1978; Hsu et al. 1996) . However, Shyu (1982; 1984) indicated that there were variant deviations of cor rection at depths shown by his model. It was, for example, about 1.5% deviation of the mea sured depth at 540 min water offshore eastern Taiwan, compared with those estimated by the Matthews Tables of the Area 41, which covers the western part of the Pacific Ocean (Matthews 1939) .
The region offshore northern Taiwan, mainly occupies the territory in the shelf regions of so-called the East China Sea Shelf and the Chilung Shelf (Yu and Song 1993; Song et al. 1997; Liu et al. 1998) . Those correction tables are not suitable for these shallow underwater areas. Consequently, a check by wire sounding was used for several decades when greater accuracy was necessary in shallow water (Matthews 1939) . Until recent years, an analogue calibration method called Bar Check, which determines a mean acoustic velocity to coincide exactly with the distance between transducer and a steel reflector plate attached to a rope in still water in situ, was generally used before conducting single-beam echo sounding (Honeywell 1990 ). However, these would easily suffer from using an incorrect mean velocity due to the sounding usually being in the water at variant depths, the wire or attached rope may not go straight down to the deep, or the calibration reflector may not be parallel to the transducer surface.
Offshore the Taiwan region, there has been to an increase in amount of bathymetric data without conducting proper acoustic calibration to measurements, in part because they belonged usually to underway ship-track data sets. According to Shyu's (1982) study, there were also seasonal effects on the amount of correction at each station; his study demonstrated correction differences among three stations located in the offshore region of northeastern Taiwan. In order to gain precision in those underway-bathymetric measurements, the algorithm of acous tic calibration is here demonstrated. We just defined several types of acoustic velocity profile according to hundreds of the CTD measurements collected in the period of early 1990s off northern Taiwan.
DATA AND METHOD
The CTD measurements in the data bank of the Ocean Science Research Center, National Science Council in Taiwan collected before 1994 were reviewed. Over eight hundred of them had been taken in the area off northeastern Taiwan (Song and Chen 1994) . At each station the CTD probe measured the temperature, salinity and pressure values throughout water column, then acoustic velocities at each selected depth could be estimated at 1-10 m intervals with standard deviation less than 0.05 m/sec, respectively (Del Grosso 1973; Shyu 1982) . As a result, the profiles in terms of acoustic velocity versus depth (acoustic profile is called, hereinafter) were obtained and compared with each other in the study.
In certain particular offshore areas some typical acoustic profiles were picked and sorted out for the study. Using the least-squares method, any group of acoustic profiles can be re gressed and represented by a k-order polynomial equation:
n=O where v(d) is the expected velocity at depth d, and a , is coefficient at nth order. As soon as a defining type for a group of acoustic profiles is determined under the condition of the percent age of residuals about regression mean (or the correlation coefficient) being greater than at least 90%, a k-order polynomial is obtained. The condition delivers a fitted polynomial curve that stands for a particular type of acoustic profile, and the respective values of regression coefficient a , are given.
As a result, a fitted polynomial is a candidate for the role of calibrating suitable bathymet ric measurements. In other words, every observed water depth collected by the single-beam echo sounder in a given region for a selected season can be numerically corrected with a represented polynomial in terms of equation ( 
TYPES OF ACOUSTIC PROFILES OFF NORTHERN TAIWAN
The offshore area of northern Taiwan is located in the territory of continental shelf, di vided transversely by a valley and a canyon, respectively, into three physiographic units east of 121°40'E: a coastal zone, the Chilung Shelf, and the East China Sea Shelf (Fig. I) . The Chilung Shelf, featuring with a rough shelf surface ranging at 140 m-220 m that is deeper than a typical shelf, is situated in between the Chilung Sea Valley and the Mien-Hua Submarine Canyon (Song et al. 1997; 2000) . Across the canyon to the north, the East China Sea Shelf in the study area features with a rather smooth and typical shelf floor of water depths around 120 Fig. 1 . Location diagram of the study area. Background is bathymetric contours produced using the commands in GMT (Wessel and Smith, 1991) . Physiographical units are indicated. Solid squares denote the locations of defined acoustic types in the study; the size of square stands for the area occupied. The inset shows the relative sites of the CTD stations distributed in the CHS-W area. m. In the Chilung Shelf, the Mien-Hua Canyon bounds it on the north, which is well developed and truncated deeply into the continental slope off shelf break; and the Chilung Sea Valley bounds it on the south, which stretchs northwest against the coast zone and appears only on the shelf territory (Song and Chang 1993) . Offshore northern Taiwan, different types of acoustic profile were recognized according to the places in which these profiles were sampled. In addition, most of them belong merely to the summer type, because they were determined using the CTD measurements deployed in the July and August. Represented locations are classified and shown in Fig. 1 and listed in Table   I .
ECS Type
This type of acoustic profile, called the East China Sea type, displays traces in the variety shown in Fig. 2a . These profiles were taken in the East China Sea Shelf of territories mainly away from the Mien-Hua Canyon. Although a 5'h order polynomial curve denoted in Fig. 2a stands for a typical summer profile, two summer profiles dated July 14th and located in ECS-E area ( Fig. 1) were chosen from Fig. 2a and gave a new ECS-E sub-type summer polynomial curve shown in Fig. 2b . Figure 2c indicates two profiles obtained on July 14th but located in the ECS-W area ( Fig.  1 ) , as well the other type of three similar profiles obtained on October 7 t h in the same area. Acoustic velocities in the East China Sea Shelf posed a consistent trend in the thermocline zone where they were present in a fixed time period. Generally, bathymetric measurements obtained in the ECS area ih July can be calibrated using the polynomial with the coefficients shown in Fig. 2a . However, in October it would transform into an ECS autumn sub-type, whose regressed polynomial would be define d by the coefficients denoted in Fig. 2c .
In the neighborhood of area ECS-E, an acoustic profile was collected in early September; Figure 2b shows its unique curve compared with the typical ECS summer profile given in Fig.  2a . This phenomenon may indicate that the major form of acoustic profiles in the ECS area is seasonally rather than spatially dominated. However, almost all the profiles had a acoustic velocity of about 1515 mis at 80-m, sharing consistent bottom depth of the thermocline zones (or the pycnocline zone) in the period from July to October. 
Jhcroo "' -11.000 1"15' J:Nvoo !I: 4.lfn»E-OOl l Jlovoo llo -l.ll3'1E-00'7 Dq.007' 1.IDIME. lNc<M I: ..fAOlli l.E-GU Poo;r oo " t�UE-01� 5'h order polynomial curve with a connected line, and its represented coefficient constants are denoted in the lower left-hand corner. Figure 2b shows the ECS-E subtype polynomial (the connected curve) as well as the coefficients, two kinds of profiles were indicated by the dot and tri angle lines, re spectively, deployed on the date denoted on the diagram. Polynomial curve was determined by the July 14'h profiles measured in the ECS-E area. Figure 2c demonstrates the ECS autumn sub-type poly nomial and its coefficients, the dot lines indicates the July 14'h profiles located in the ECS-W area.
3.2MHC Type
Two typical acoustic profiles measured in summer season belong to the Mien-Hua Can yon type. The chosen profiles were located inside the territory of the Mien-Hua Canyon in the vicinity of the continental shelf break, the shallower one is in the area of the Tunghai Shelf Fault (Song et al. 1997 ) and the other one is located above the southern bank of the canyon. A 9'" order polynomial curve denoted in Fig. 3a stands for a fitted profile in the canyon region within 360-m depth limit in summer season ( Table 1) .
Compared with the ECS summer profiles, the MHC polynomial curve has a very thin or merely identified mixed layer near the water surface (Fig. 3b) . In addition, the trace of the MHC profiles is in-between the summer (Fig. 3b ) and autumn type (Fig. 3c) of the ECS-E profiles as demonstrated in Fig. 2b . They were located in the neighborhood but to the north and on the shelf region.
TEM Type
This type of acoustic profile is placed once across the northern bank of upstream portion of the Mien-Hua Canyon, thus they are situated in the shelf region that bears a rather ro ugh seafloor, inside the southern territory of the East China Sea Shelf. In this area, the pattern of acoustic velocity is not strictly similar to the ECS type or to the MHC type (Fig. 4 ) . We then call it a Transit profile between the ECS type and MHC type.
(A) Summer type
In summer, the trend of acoustic profiles shown as Fig. 5 and its 5'" order regressed poly nomial was given. These profiles were obtained within 2 NM by 2 NM area (NM stands for nautical mile, hereinafter) in the period from 1" to 51h of August 1990 and 1991. Their pattern is quite unique among the profiles such that its percentage of the least-square residuals about regression mean so o n reaches 97%.
Within the area, some scattering acoustic profiles were extracted and combined as a group shown in Fig. 6a (TEM-A; for TEM-Anomaly). Its regression output naturally gives lower 93% residuals even at higher order. When they were put together in a plot (Fig. 6b) , the TEM acoustic profiles almost lay on the top of those TEM-A profiles, relatively. Eventually, a typi cal TEM profile or regressed curve has a gentler velocity declined rate in the therrnocline zone than that of the TEM-A profile.
Two acoustic profiles belonging to the ECS summer type of situated just to the north of the TEM profiles were put in the Fig. 5 for comparison (Fig. 7) . Their patterns show some similarity; however, regressed curve of the TEM profiles displays a slightly steeper decline rate in the thermocline zone than that of the ECS profiles. This might be partially due to its smaller surface velocity.
It was shown that during summer the most steep velocity decline rate was found in the MHC profiles, and the ECS profiles instead gave a more gentle rate in the thermocline zone (Fig. 4 ) (b) Fig. 3 . Acoustic profiles of the MHC type. Figure 3a shows its 9'h order polyno mial curve with a connected line, and its represented coefficient con stants are denoted in the lower left-hand corner. Figures 3b, c show the comparison between the trace of the MHC profiles with the ECS-E sum mer and autumn profiles, re spectively.
the TEM and toward the ECS. The implies that physical properties of water mass, such as the temperature, salinity etc., in the Mien-Hua Canyon and in the East China Sea Shelf had to be different and could be affecting each other. The TEM-A water column might include (or be mixed with) more Canyon water than that of the TEM typical type such that it could pose a steeper decline rate. In October, some acoustic profiles were obtained in the shelf area about 20km west of the TEM area and north by the Mien-Hua Canyon (Fig. I) . Together with observed acoustic profiles, a 9'h order regressed polynomial is denoted and plotted in Fig. Sa . We call it the TEM P type, in which the capital "F" stands for fall season. Compared with the TEM profiles (Figs. Sb, c), it has a narrower velocity band ranging from a surface velocity of about 153S mis in a 30-m thick mixed layer, then decreasing in the thermocline zone to about 1512 mis. In addition, the TEM-F profiles show a slower velocity in the surface layer (or the mixed layer) and a shallower depth to the bottom of thermocline zone, imply this area had been affected by colder surface water during the autumn season.
Eventually, autumn profiles of the ECS type (Fig. 2c ) present a narrowest velocity band in thermocline zone from about 1534 mis on the top, decreasing to about 1514 mis reaching the bottom. However, it bears a thicker mixed layer extending to 52 m deep. Apparently, the pattern of the TEM-F profiles looks like a lifted (brings it to water surface by 22 m) and pulled-apart (extended in its velocity scale) ECS autumn profile (Fig. Sd) . This implies the influence of much colder surface water in the north of the ECS area away from the territory of the Mien-Hua Canyon. Thus the shape of TEM-F profiles reflects the temperature dominant characteristic in that area. Figure 9 demonstrates two acoustic profiles in the outer portion of the CHilung Shelf (the CHS-E shown in Fig. 1 ). The location is in equal distance of about 10 kilometers to the nearest bound of the Mien-Hua Canyon, the Chilung Valley and the edge of the Chilung Shelf, respectively. The pattern of acoustic profiles shown in Fig. 9 give variant looks compared with each other. Even in the CHS-E profiles, although they were only about 1 NM apart in the distance, they demonstrated only an identical 25-m thick mixed layer but trended apart in the deep.
3.4CHS Type
A 6" order of polynomial curve for the CHS-E profiles was obtained by the least-square regression, as shown in the gether with those acoustic profiles deployed in the western region of the Chilung Shelf for comparison. Although they shared almost a constant surface velocity in the mixed layer, and kept the thermocline bottom depth at around 80 m, velocity decline rates showed variance in the profiles (Fig. lOb) . A steeper rate such that a smaller acoustic velocity was observed in the deep in the western Chilung Shelf. The western profiles shown in Fig. 1 Ob belong to part of the group (called the CHS-W) observed in the area situated in the western Chilung Shelf (Song et al. 1997 ). This group of acoustic profiles was collected within a 2 NM by 2 NM area situated 10 NM north of the Chilung City in August 5"' (Fig. 1 , Table! ). The pattern of profiles and the fitted polynomial are shown in Fig. 11 . Figure 11 shows the acoustic profiles posing the shape with consistent pattern and with about identical thickness of the thermocline zone, however the top of thermocline zone could be at depths ranging at 35 m from 20-m to 55-m. In this case, the maximum percentage of regression residuals is low at 90%. This range would become narrower to about 28 m (Fig. 12) after those profiles situated merely in a much smaller area of a 1 NM by I NM right-hand lower corner sub-area in the CHS-W area (Fig. I) . The phenomenon could be enhanced for those profiles located along in a longitudinal line of this sub-area. The acoustic profiles col lected in the stations SI and S4 then had a much narrower range to 20 m with the top of thermocline zone at depths from 32-m to 52-m (Fig. 13a) . Furthermore, to the west where two CTD stations occupied another longitudinal line (numbered S2 and S7 shown in Fig. I) , their profiles were plotted as a group in Fig. 13b ; the traces become stuck together, such that its residual about regression mean reached 99% quit easily. This might imply that physical prop erties of water columns in this area were mainly dominated by a dynamic with an east-west orientated behavior in summer time.
3.5CHVType
There were only two profiles included to obtain the regressed polynomial for the type shown in the CHilung Valley. The regression coefficients are denoted in Fig. 14a . The profiles show step-like trace, which is similar with those shown in the Chilung Shelf area, especially in the CHS-E area. However, they look different in Fig. 14b , the water seems to be warmer in the Chilung Valley. Table 2 lists 40 observed values of bathymetric measurements with a preset acoustic mean velocity 1500 mis (Song and Chen 1994) . These measurements were conducted in the ECS area (Fig. 1) during summer in 1993. Therefore, according to the study, these observed depths should be corrected by using the ECS type polynomial defined in Fig. 2a . Results are shown in the 4th column (ECS-S, -S stands for summer type) listed in Table 2 . In the depth range be tween I 05-120 m for these 40 samples, the values of acoustic required correction are constant at +2.0±0.l (+2.1 at 120 m to +1.94 at 105 m). Degree 8: -6.75722E-012 Delll' BB 9: 2.39061E-014 Deg;ree 10: -3.55058E-Ol 7
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Water Depth (m) Fig. 11 . Joint acoustic profiles of the CHS-W type. A 10'" order polynomial curve with a connected line is shown, and its represented coefficient con stants are denoted in the lower left-hand corner. These profiles put to gether all the measurements collected in a wider region compared with those shown in Figs. 12 and 13.
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However, different ECS types of polynomial were applied, such as ECS-E and ECS-F (for autumn type), their results show less variation with that corrected by the ECS summer type (Fig. 15) . Table 2 indicates their variation is within ±O.l m, in which autumn type gives different trend and wider range of variation ( +0.1 at 120 m and -0.04 at 150 m). According to 106 samples shown in Fig. 15, except showing that the ESC-S type is good in calibrating the bathymetric measurements collected in the region of the East China Sea Shelf, the correction result applied by ECS-E, even by ECS-F, can also give bathymetric precision within 0.1 %.
This study thus suggests that there is almost 2% of bathymetric error when using a 1500 mis preset sounding velocity without further doing proper acoustic calibration in the offshore area of northern Taiwan. According the calibration results given by regression polynomials shown in Figs. 2 to 14, Table 3 shows expected mean sounding velocities for each defining area in which the represented value can be a suitable preset velocity sounding off northern Taiwan. .. . · . .,
1539.38
. '-, :: ::,� Expected mean velocity would change if the depths to the seafloor were variant, this is due to acoustic profile being a curve down to the deep. However, there is an advantage that the sea floor mostly keeps within a limited range of depths in the continental shelf, a narrower range of expected mean velocities can then be applied. For instance, in the East-China Sea Shelf or the ECS area of this study, the depths have been in the range mostly between 110 m to 125 mas shown in Table 2 . Eventually, expected mean velocity ranges from 1525 mis to 1529 mis at most, referring to the listed values shown in the ECS and TEM Areas of Table 3 . Under this circumstance, if 1527 mis is set for a sounding velocity, a sounding accuracy of less than 0.13% (or 2/1527) can be obtained in summer or autumn season.
Applied to the Chilung Shelf Area, even if it poses a rather rough seafloor and ranges between 140-220 m, an expected mean velocity could be at 1523 mis of less than 0.2% accuracy, according to Table 3. In the canyon or the valley regions offshore northern Taiwan, the mean velocities will be lower due to colder water in the deep. If it is set at 1515 mis, the accuracy is still good at 0.33% (or 5/1515 . Calibration outputs to the 106 observed depths that were collected in the ECS-W area of the East China Sea Shelf using 1500 mis preset acoustic velocity. Locations of first 40 samples are listed in Table 2 . These outputs were plotted following the sequence of depth samples to compare the traces of calibrated depth profile with those observed depth values. Three different types of regression coefficients were applied for calibration, and each was done by the type belonged to the ECS, the ECS-E and ECS-F, respectively, denoted in Fig. 2 . Results show less variation among these types and were discussed in the text. Table 3 . Expected mean velocities in the defining areas off northern Taiwan. At first, the value of travelling time of an acoustic echo can be computed from a single observed depth divided by a preset velocity. The ex pected mean velocity then can be estimated by dividing an acoustic correction depth that was derived from the calibration algorithm using the regressed polynomials defined in that specified area. Depths of ter ritories in the 3'' column simply indicate the lower and upper bounds of observed depth in the areas (except for that 90-meter in the TEM type). However, the lower bound (or deeper value) estimations were usually limited and replaced by the Depth Limitation values shown in Table 2 . 
CONCLUSION
At least 5 major types of acoustic profiles were defined in the offshore regions of northern Taiwan in summer or autumn season. Each type can be represented by a fitted polynomial curve estimated by the least-squares regression method, respectively. Although complex pat tern of acoustic profiles had been observed in this study implying the spatial and seasonal oriented characteristic in the continental shelf, calibration can be done without too much care about how exactly the polynomial matches with the observed profiles in-situ. Using the re gressed polynomial and following the calibration algorithm supplied in this study, one can properly correct any bathymetric measurement numerically. Otherwise, one may use a valid expected mean velocity at the value 1527 mis in the East China Sea Shelf, 1523 mis in the Chilung Shelf, or 1515 mis in the Mien-Hua Canyon/Chilung Valley in the vicinities of shelf territory. In the areas merely on the shelf surface, sounding results may be obtained with fine accuracy of less than 0.2%.
